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DATA COMMUNICATION NETWORK
HAVING MULTIDIMENSIONAL LINK
STRUCTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a multidimensional link
structure of a data communication network. The present
invention can be applied to all data communication networks
including a public communication network such as the Inter-
net, an Inter-corporate network such as a WAN or Extranet, a
Local Area Network, a computer network, a distributed com-
puter network, a distributed router network, an Exchange
Network, a Switch Network that 1s constructed 1n a router or
an electronic device, a network that 1s constructed 1n a circuit
substrate for a connection between a Central Processing Unit
(CPU) and a memory, and a network that 1s constructed in an
Integrated circuit.

2. Description of Related Art

A data communication network 1s capable of connecting a
plurality of nodes. Using a data communication network
allows the processing of a plurality of nodes to be distributed
and the processing efficiency to be improved.

Known link structures for a data communication network
are, for example, the bus structure, ring structure, the hub
structure (that 1s, the star structure), and the full mesh struc-
ture. These link structures can be expanded 1in two dimen-
s10ms, three dimensions or a greater number of dimensions. A
link structure that has been made multidimensional 1s known
as a hyperlink structure.

In order to cope with the increase in the traffic of data
communication networks, the maximum value of the traific
that the data communication network 1s capable of process-
ing, that 1s, the ftraflic-handling performance must be
increased. As a method for increasing the traffic-handling
performance, an increase 1n the number of nodes contained in
the data communication network, an increase in the total
number of links contained in the data communication net-
work, and the adoption of a link structure having a high
traffic- handhng performance may be considered. On the one
hand, an increase 1n the traffic-handling performance 1s desir-
ably implemented at minimum cost. In order to keep costs
low, the traific-handling performance must be efficiently
increased using a number of nodes and a total link number
that are as small as possible. 2004 NICT Contract Research
and Development report ‘Research and Development of Opti-
cal access network high speed wide area communication
technology relating to photonic networks’, National Institute
of Information and Communications Technology, May 2005,
pages 280 to 308 and pages 513 to 522 1s known, for example,
as a document that discloses the relationship between the
number of nodes, total link number and link structure and the
traffic- handling performance.

FIG. 1 1s a graph that shows the relationship between the
number of nodes and the traffic-handling performance. In
FI1G. 1, the vertical axis 1s the number of nodes contained 1in
the data communication network and the horizontal axis 1s the
traffic-handling performance of the whole data communica-
tion network. The traflic-handling performance 1s given by
the product of the processing performance for each single
node and the number of nodes. In FIG. 1, the reference num-
ber assigned to each curve indicates the type of link structure
and the hyper degree. B 1s a bus structure, R 1s a link structure,
H 1s a hub structure, and F 1s a full mesh structure. For
example, B1 1s a one-dimensional bus network and R2 1s a
two-dimensional ring network.
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2

In FIG. 1, link structures with smaller inclinations are able
to obtain a high traffic-handling performance with a small
number ol nodes and therefore high traific efliciency. For
example, a one-dimensional full mesh structure F1 and two-
dimensional hub structure have a very high tratfic efficiency
and a one-dimensional bus structure and a one-dimensional
ring structure have a very low tratfic efficiency.

FIG. 2 1s a graph that shows the relationship between the
total number of links and the tratfic-handling performance. In
FIG. 2, the vertical axis 1s the total number of links contained
in the data communication network and the horizontal axis 1s
the traffic-handling performance of the whole data commu-
nication network. The significance of the tratfic-handling per-
formance and the significance of the reference numbers
assigned to each curve are the same as those of FIG. 1.

In FIG. 2, link structures with smaller inclinations are able
to obtain a high traffic-handling performance with a small
number of nodes and therefore high traffic efficiency. For
example, a four-dimensional hub structure H4 has very high
traffic efficiency and a one-dimensional bus structure B1 and
a one-dimensional ring structure R1 has very high traffic
eificiency.

As can be seen from FIGS. 1 and 2, 1n general, link struc-
tures for which the ratio ‘traffic’/*number of nodes’ 1s high
have a low ‘traffic’/‘total node number’ ratio and link struc-
tures for which the ratio ‘traffic’/‘total number of links’ 1s
high have a low ‘traffic’/‘number of nodes’ ratio. In other
words, link structures for which both the ‘traffic’/*number of
nodes’ ratio and the ‘traffic’/*total number of links’ ratio are
optimal do not exist.

FIG. 3A 1s a graph showing the relationship between the
traffic-handling performance and the cost performance. FIG.
3B 1s a partial enlargement of FIG. 3A. In FIGS. 3A and 3B,
the vertical axis 1s the cost performance of the network con-
figuration, that 1s, the ratio TNC/T between the total network
cost TNC and the traflic-handling performance T. The hori-
zontal axis 1s the traiffic-handling performance T, the units of
which are terabits per second. The significance of the traific-
handling performance and the significance of the reference
numbers assigned to each curve are the same as those 1n FIG.
1. For example, 1n the case of a four-dimensional hub struc-
ture H4, the network construction costs when TNC/T=23 and

T=1000 are 2.3 trillion Japanese yen.

As can be seen from FIGS. 3A and 3B, the link structure
and hyper degree for the optimal cost and performance vary
depending on the required tratfic-handling performance T.

SUMMARY OF THE INVENTION

An object of the present mvention 1s to provide a data
communication network that has a link structure that makes 1t
possible to obtain a large traffic-handling performance at a
small network construction cost.

In a data communication network according to the present
invention, a plurality of nodes are arranged, each of the nodes
1s assigned with m-dimensional coordinates (J1, 12, J3, J4,
I5, ..., Jm-1, Jm), 1n which any one of the coordinate values
J1 to Jm 1s zero and the other coordinate values are all natural
numbers, each of the nodes 1s connected to other nodes which
satisly both of the following conditions (1) and (11): (1) the
coordinate Jp whose value 1s zero at said other node differs
from a coordinate Jq whose value 1s zero at said node; and (11)
the value of coordinates other than the Jp and the Jq at said the
other node all match the corresponding coordinate values of
said node.
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BRIEF DESCRIPTION OF THE DRAWINGS

Further objects and advantages of the present invention
will now be described with reference to the attached drawings
below.

FIG. 1 1s a graph that shows the relationship between the
number of nodes and the tratfic-handling performance;

FIG. 2 1s a graph that shows the relationship between the
total number of links and the traffic-handling performance;

FIG. 3A 1s a graph that shows the relationship between the
traffic- handhng performance and the cost performance;

FIG. 3B is a partial enlargement of FIG. 3A;

FIGS. 4 to 9 are conceptual views serving to illustrate a
three-dimensional 1nterchange structure according to an
embodiment of the present invention;

FIGS. 10 to 13 are conceptual views serving to 1llustrate a
four-dimensional interchange structure according to the
embodiment of the present invention;

FIG. 14 1s a block diagram that schematically shows the
internal structure of the optical cross-connect node according
to an embodiment of the present invention;

FIGS. 15A to 15E are conceptual views serving to 1llustrate
the link structure change method of the data communication
network of the embodiment of the present invention; and

FIG. 16 1s a graph that shows the relationship between the
traffic-handling performance and the cost performance.

DESCRIPTION OF THE PR
EMBODIMENTS

oy

FERRED

An embodiment of the present invention will be described
hereinbelow with reference to the drawings. The size, shape,
and dispositional relationship of the constituent elements 1n
the drawings are only shown schematically to an extent per-
mitting an understanding of the present invention. Further, the
numerical conditions illustrated hereinbelow merely serve as
an 1llustration.

[1] Link Structure

The link structure of the data communication network
according to this embodiment will now be described. In the
tollowing description, the link structure of the present mven-
tion 1s designated as an interchange structure. An interchange
structure can adopt three-dimensions, four dimensions, or a
greater number of dimensions. An interchange structure 1s a
technology based on a ‘hyperhub structure’ which 1s a link
structure devised by the present inventor. Hence, the hyper-
hub structure will first be described, followed by the inter-
change structure according to this embodiment.

The hyperhub structure of this embodiment can be applied
to a connection between an edge node and a core node, for
example. The interchange structure of this embodiment can
be applied to connections between core nodes, for example.

(1-1) m-Dimensional Hyperhub Structure

A description will be described hereinbelow by adopting a
case where an m-dimensional hyperhub structure 1s applied to
a connection between an edge node and a core node.

An edge node 1s a node for connecting a data communica-
tion network to an external network. A core node 1s a node
only for performing communication within the data commu-
nication network. Hence, the edge node 1s connected to one or
more core nodes within the data communication network
while also being connected to an edge node of an external
network. The core node 1s connected only to the edge node
and another core node 1n the data communication network.

In the m-dimensional hyperhub structure of the present
inventor, m-dimensional coordinates are assigned to the core
node and edge node respectively.
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4

The edge node coordinates are defined as (al, a2, ..., am)
The respective coordinates al to am are natural numbers
equal to or more than 1. The maximum values of the respec-
tive coordinate values are defined as nl, n2, . . ., nm. The total
number N* of edgenodes1snlxn2x ... xnm, thatis, IIn1 (1=1
2,...m).

The core node coordinates are defined as (b1, b2, .. ., bm).
Any one of bl to bm 1s zero while the others are all natural
numbers. The maximum values of the respective coordinate
values are nl, n2, . . . , nm. The number of core nodes 1s
N*/n1+N*/n2+ . .. +N*/nm, that 1s, N*x2(1/m)(1=1, 2, . . .,
m).

The connective relationship between the edge nodes and
the core nodes 1s defined as follows.

As mentioned earlier, any one of the core node coordinate
values bl to bm 1s zero while the others are non-zero values.
With the m-dimensional hyperhub structure, only when the
core node coordinates and the edge node coordinates are
compared and the non-zero coordinate values all match are
the edge node and core node connected. For example, a core
node the coordinate value b1 of which 1s zero (0, b2, .. ., bm)
1s connected only to edge nodes for which a2=b2,

a3=b3, ..., am=bm are established. In other words, the core
node (0, b2, . . ., bm) 1s connected to the edge nodes
(1,b2,...,bm), (2,b2,...,bm),...,(nl,b2,...,bm). The

method of determining the connection destinations for the
other core nodes 1s the same as that used for core node
(0,b2, ..., bm).

The m-dimensional hyperhub structure 1s technology that
1s based on the subsequently described m-dimensional inter-
change structure. This means that the subsequently described
m-dimensional 1nterchange structure can also be called an
auxiliary hyperhub structure.

(1-2) Three-Dimensional Interchange Structure

The interchange structure of this embodiment will be
described by taking a three-dimensional link structure by way
of example.

When a three-dimensional link structure 1s constructed, the
plurality of nodes contained 1n the data communication net-
work are divided into the three groups G1, G2, and G3.

In this description, the respective nodes are expressed
using coordinates (X, y, z). Any one of X, v, z 1s zero while the
others are natural numbers. The coordinates of the nodes
belonging to group G1 are expressed as (0, y, z). The coordi-
nates of the nodes belonging to group G2 are expressed as (X,
0, z). The coordinates of the nodes belonging to group G3 are
expressed as (X, y, 0).

FIG. 4 1s a conceptual view of the coordinates ol nodes that

belong to groups G1, G2, and G3. FIG. 4 does not show the
actual positional relationships between the nodes. The coor-
dinates (X, v, z) can be suitably assigned by the designer or the
like of the data communication network. In the example 1n
FIG. 4, twenty nodes belong to group (1, fifteen nodes
belong to group G2, and twelve nodes belong to node G3.
However, the number of nodes belonging to each group 1s not
limited. As1s clear from F1G. 4, the nodes that belong to group
(1 all have an x coordinate value of zero and are therefore
specified by the v and z coordinate values. Likewise, the
nodes belonging to group G2 are specified by x and z coor-
dinate values and the nodes that belong to group G3 are
specified by the x and vy coordinate values.
The respective nodes are not directly connected to other
nodes belonging to the same group but rather are connected to
nodes among the nodes belonging to the other groups that
satisly predetermined conditions.

The connection destinations of the nodes belonging to
group G1 will now be described by using FIG. 5. In the
tollowing description, one specified node N1 (0, b, ¢) will be
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described by way of example among the nodes that belong to
group G1. b and ¢ are non-zero values. In the example of FIG.

5, the coordinates of the specified N1 are (0, 1, 1).

As mentioned earlier, the nodes belonging to group G1 are
not connected to other nodes that belong to group G1. Node
N1 1s connected to nodes that satisty the following conditions
among the nodes belonging to groups G2 and G3.

The nodes that are connected to the specified node N1
among the nodes that belong to group G2 for which the
coordinate value y=0 are nodes whose coordinates satisty the
tollowing conditions:

x=1,2,3,...
by definition, y=0
7=C

In other words, nodes among the nodes belonging to group
(G2 for which the coordinate value z matches specified node
N1 are all connected to node N1. In the example 1n FIG. 5,
specified node N1 1s connected to all the nodes for which the
coordinate value z1s °1°, that1s, tonodes (1,0, 1),(2,0, 1), and
(3, 0, 1) among the nodes belonging to group G2.

Nodes among the nodes belonging to group 3, that is, the
nodes for which z=0 are connected to specified node N1 are
nodes whose coordinates satisty the following conditions:

x=1,2,3,...

y=b

by definition, z=0

In other words, nodes among the nodes belonging to group
(3 for which the coordinate value y matches specified node
N1 are all connected to specified node N1. In the example in
FIG. §, the specified node N1 1s connected to all the nodes
among the nodes belonging to group G3 for which the coor-
dinate value y1s °1°, that 1s to nodes (1, 1, 0), (2, 1, 0), and (3,
1, 0).

The connection destinations of the other nodes belonging
to group G1 are determined using the same method as the case
of specified node N1. As a result, each node belonging to
group (G1 1s connected to all the nodes for which either of the
coordinate values y and z 1s zero and the other matches 1ts own
coordinate value.

The connection destination of the nodes belonging to
group G2 will be described next using FI1G. 6. In the following
description, an example where there 1s one specified node N2
(a, 0, ¢) among the nodes belonging to group G2 1s provided.
a and ¢ are non-zero values. In the example of FIG. 6, the
coordinates of specified node N2 are (3, 0, 3).

The nodes belonging to group G2 are not connected to the
other nodes belonging to group G2. Node N2 1s connected to
the nodes among the nodes belonging to group G1 or group
(G3 that satisty the following conditions.

The nodes among the nodes belonging to group (1, that 1s,
tor which x=0 which are connected to specified node N2 are
nodes the coordinates of which satisiy the following condi-
tions:

By definition, x=0

y=1,2,3,...

7=C

In other words, nodes among the nodes belonging to group
(G1 for which the coordinate value z matches that of the
specified node N2 are all connected to specified node N2. In

the example of FIG. 6, specified node N2 1s connected to all

the nodes belonging to group G1 for which the coordinate
value z 1s *57, that 1s, to nodes (0, 1, 5), (0, 2, 5), (0, 3, 3), and

(0,4, 5).
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Among the nodes that belong to group G3, that i1s, for
which z=0, the nodes that are connected to specified node N2
are nodes whose coordinates satisty the following conditions:

X=a

y=1,2,3,...

By defimition, z=0

In other words, the nodes that belong to group G3 for which
coordinate X matches that of specified node N2 are all con-
nected to specified node N2. In the example of FIG. 6, speci-
fied node N2 is connected to those nodes among the nodes
belonging to group G3 for which coordinate value x 1s 37,
that 1s, to nodes (3, 1, 0), (3, 2, 0), (3, 3, 0), and (3, 4, 0).

The connection destinations of the nodes belonging to
group G3 will be described next using FIG. 7. The following
description 1s provided by taking one specified node N3 (a, b,
0) among the nodes belonging to group G3 by way of
example. a and b are non-zero values. In the example of FIG.
7, the coordinates of specified node N3 are (2, 3, 0).

The nodes belonging to group G3 are not connected to the
other nodes belonging to group G3. Node N3 1s connected to
the nodes among the nodes belonging to group G1 or group
(G2 that satisty the following conditions.

Among the nodes belonging to group (1, that 1s, for which
x=0, the nodes that are connected to specified node N3 are
nodes whose coordinates satisiy the following conditions:

By defimition, x=0

y=b

7z=1,2,3,...

In other words, among the nodes that belong to group (1,
the nodes for which the coordinate value y matches that of the
specified node N3 are all connected to specified node N3. In
the example of FIG. 7, the specified node N3 1s connected to
all the nodes among the nodes belonging to group G1 for
which coordinate value y 1s “3°, that 1s, nodes (0, 3, 1), (0, 3,
2),(0,3,3),(0,3,4), and (0, 3, 5).

Among the nodes belonging to group G2, that 1s, for which
y=0, the nodes which are connected to specified node N3 are
nodes whose coordinates satisiy the following conditions.

X=a

by definition, y=0

7z=1,2,3,...

In other words, among the nodes belonging to group G2,
the nodes for which the coordinate value x matches the speci-
fied node N3 are all connected to specified node N3. In the
example of FIG. 7, specified node N3 1s connected to nodes
among the nodes belonging to group G2 for which coordinate
value x 1s ‘2’, that 1s, to nodes (2,0, 1), (2, 0, 2), (2, 0, 3), (2,
0,4),and (2, 0, 5).

FIG. 8 1s a conceptual view showing the three-dimensional
interchange structure according to this embodiment. FIG. 9 1s
a conceptual view of a portion of the three-dimensional inter-
change structure shown in FIG. 8. As mentioned earlier, the
nodes belonging to group G2 are connected to all the nodes
among the nodes belonging to group G1 for which the z
coordinate values match. In addition, the nodes belonging to
group G1 are connected to all the nodes among the nodes
belonging to group G2 for which the z coordinate values
match. Therefore, the nodes that belong to groups G1 and G2
have a connective relationship of the type shown 1n FIG. 9.
Such a connective relationship 1s known as a complete big-

raph. Obtaining the three-dimensional interchange structure
according to this embodiment by expanding the complete
bigraph shown 1n FIG. 9 1n three dimensions can also be
considered.
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(1-3) Four-Dimensional Interchange Structure

Thereafter, the mterchange structure according to a data
communication network of this embodiment will be
described next by taking a four-dimensional case by way of
example.

When a four-dimensional link structure 1s constructed, the
nodes are divided up 1nto four groups G1, G2, G3, and G4.

In this description, each node 1s expressed by means of a
coordinate (X, y, z, w). Any one of X, vy, Z, and w 1s zero while
the others are natural numbers. The coordinates of the nodes
belonging to group G1 are expressed as (0, vy, z, w). The
coordinates of the nodes belonging to group G2 are expressed
as (x, 0, z, w). The coordinates of the nodes belonging to
group G3 are expressed as (X, vy, 0, w). The coordinates of the
nodes belonging to group G4 are expressed as (X, v, z, 0).

FI1G. 101s a conceptual view of the coordinates of the nodes
that belong to groups G1, G2, G3, and G4. In FIG. 10, each

node 1s expressed as a sphere. FIG. 11 1s a conceptual view of
the coordinate structure of the four-dimensional interchange
structure according to this embodiment. In FI1G. 11, each node
1s expressed as a lattice point. FIGS. 10 and 11 do not show
the actual positional relationships of each node. Coordinates

(X,V, z, W) can be suitably assigned by the designer or the like
of the data communication network. In the examples of FIGS.
10 and 11, sixty-four nodes belong to each of groups G1 to G4
and, therefore, the number of nodes 1n the whole network 1s
256. However, the number of nodes belonging to each group
1s not limited. The numbers of nodes belonging to the respec-
tive groups need not be the same. As can be seen from FI1G. 11,
the nodes belonging to group G1 all have an x coordinate
value of zero and are therefore specified by the y coordinate
value, 7 coordinate value, and w coordinate value. Likewise,
the nodes belonging to group G2 are specified by the x coor-
dinate value, z coordinate value and w coordinate value; the
nodes belonging to group G3 are specified by the x coordinate
value, y coordinate value, and w coordinate value; and the
nodes belonging to group G4 are specified by the x coordinate
value, y coordinate value, and z coordinate value.

The respective nodes are not directly connected to other the
nodes belonging to the same group but rather are connected to
nodes among the nodes belonging to the other groups that
satisiy predetermined conditions.

The connection destinations of the nodes belonging to
group G1 will now be described. In the following description,
one specifiednode N1 (0, b, ¢, d) among the nodes that belong
to group G1 will be described by way of example. b, ¢, and d
are non-zero values.

The nodes that belong to group GG1 are not connected to the
other nodes belonging to group G1. Node N1 1s connected to
the nodes among the nodes belonging to group G2, G3, or G4
which satisty the following conditions.

Among the nodes that belong to group G2, that is, for
which the coordinate value y=0, the nodes which are con-
nected to specified node N1 are nodes whose coordinates
satisty the following conditions:

x=1,2,3,...

By definition, y=0
7=C

w=d

In other words, among the nodes that belong to group G2,
the nodes for which the coordinate values zand w match those
of specified node N1 are all connected to node N1.
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Among the nodes belonging to group 3, that 1s, for which
7=0, the nodes connected to specified node N1 are nodes
whose coordinates satisty the following conditions:

x=1,2,3,...

y=b

By defimition, z=0

w=d

In other words, the nodes among the nodes belonging to
group G3 for which the coordinate values v and w match

those of specified node N1 are all connected to specified node
N1.

Among the nodes belonging to group G4, that 1s, for which
w=0, the nodes connected to specified node N1 are nodes
whose coordinates satisty the following conditions:

x=1,2,3,...

By defimition, w=0

In other words, among the nodes that belong to group G4,
the nodes for which the coordinate values y and z match those
of specified node N1 are all connected to specified node N1.

The connection destinations of the other nodes belonging,
to group 1 are determined by means of the same method as
that for specified node N1. As a result, the respective nodes
belonging to group G1 are connected to all nodes for which
any one of the coordinate values y, z, and w 1s zero and the
other two coordinate values match 1ts own values.

The method of determining the connection destinations of
the nodes belonging to the other groups G2 to G4 1s also the
same as the method of determining the connection destina-
tions of group G1 and therefore a description of this method
will not be provided.

FIG. 12 1s a conceptual view of the four-dimensional inter-
change structure according to this embodiment. FIG. 13 1s a
conceptual view showing part of the four-dimensional inter-
change structure shown 1n FIG. 12. The nodes belonging to
group G3 are connected to all the nodes among the nodes
belonging to group G4 for which the coordinate values x and
y match. In addition, the nodes belonging to group G4 are
connected to all the nodes among the nodes belonging to
group G3 for which the coordinate values x and y match.

(1-4) m-Dimensional Interchange Structure

The m-dimensional interchange structure according to this
embodiment will now be described.

When an m-dimensional interchange structure i1s con-
structed, the nodes are divided into m groups G1, G2,
G3,...,0Gm-1, Gm.

In this description, each node 1s expressed using the coor-

dinates (J1,12, 13,14, 15, ..., Jm-1, Jm). Any one of J1 to Jm
1s zero while the others are natural numbers. The coordinates
of the nodes belonging to group G1 are expressed as (0, J2, 13,
14,15, ..., Jm-1, Jm). The coordinates of the nodes belonging
to group G2 are expressed as (J1,0,13,14,15, ..., Im-1, Jm).
The coordinates of the nodes belonging to the other groups
are also first determined 1n the same way as for group G2. The
coordinates of the nodes belonging to the last group Gm are
expressed as (J1, 12, 13,14, 15, . . ., Jm-1, 0).
The respective nodes are not directly connected to other
nodes belonging to the same group but rather are connected to
nodes among the nodes belonging to the other groups that
satisly predetermined conditions.

The connection destinations of the nodes belonging to
group G1 will now be described. In the following description,
one specified node N1 (0, 12,13, 14,15, ..., ym-1, ym) among
the nodes that belong to group G1 will be described by way of
example. 12 to jm are non-zero values.

As mentioned earlier, the nodes belonging to group G1 are
not connected to other nodes that belong to group G1. These
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nodes N are connected to nodes that satisiy the following
conditions among the nodes belonging to groups G2 to Gm.

The nodes that are connected to the specified node N1
among the nodes that belong to group G2, that 1s, for which
J12=0 are nodes whose coordinates satisiy the following con-
ditions:

=1,2,3, ...

By definition, J2=0
I13=3
J14=14

Jm=ym
In other words, nodes for which the coordinate values J3 to

Jm all match those of the specified node N1 among the nodes

that belong to group G2 are all connected to specified node
N1.

Among the nodes belonging to group 3, that is, for which
I13=0, the nodes connected to specified node N1 are nodes
whose coordinates satisty the following conditions:

=1,2,3, ...
J12=12

By definition, J3=0
J14=14

Jm=ym
In other words, among the nodes belonging to group G3,

the nodes for which all the coordinate values J2 and J4 to Jm

match those of specified node N1 are all connected to node
N1.

So too for groups G3 to Gm, the nodes connected to speci-
fiednode N1 are determined 1n the same way as for groups G1
and G2. The conditions whereby the nodes belonging to
group Gm are connected to specified node N1 are shown
hereinbelow:

n=1,2,3,...
12=i2
133
J4=i4

Im-1=ym-1
By defimition, Jm=0

The connection destinations of other nodes belonging to
group G1 are determined by means of the same method as that
used for the case of specified node N1. As aresult, the respec-
tive nodes belonging to group G1 are connected to all the
nodes for which any one of J2 to Jm 1s zero and the other
coordinates among J2 to Jm all match their own coordinates.

The connection destinations of the nodes belonging to
group G2 will be described next. The following description
will be provided by taking one specified node N2 (11, 0, 13, 14,
15, ...,1m-1, jm) among the nodes belonging to group G2 by
way of example. 11 and ;3 to ym are non-zero values.

As mentioned earlier, the nodes belonging to group G2 are
not connected to other nodes belonging to group G2. These
nodes N are connected to nodes among the nodes belonging to
groups G1 or G3 to Gm that satisiy the following conditions.
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Among the nodes belonging to group (1, that 1s, for which
J1=0, the nodes connected to specified node N2 are nodes
whose coordinates satisty the following conditions:

By definmition, J1=0. ..

12=1, 2, 3,

I13=3

J4=14

Jm=1m

In other words, among the nodes belonging to group G1,
the nodes for which the coordinate values J3 to Jm all match
those of the specified node N2 are all connected to node N2.

Among the nodes belonging to group 3, that 1s, nodes for
which J3=0, the nodes connected to specified node N2 are
nodes whose coordinates satisty the following conditions:

111

12=1,2,3, ...

By definition, J3=0

I14=14

Jm=jm

In other words, among the nodes which belong to group
(53, the nodes for which the coordinate values J1 and J4 to Jm
all match those of specified node N2 are all connected to node
N2.

So too for groups G4 to Gm, the nodes connected to speci-
fied node N2 are determined 1n the same way as for groups G1
and G3. The conditions whereby the nodes belonging to

group Gm are connected to specified node N2 are shown
hereinbelow:
1191
12=1,2,3, ...
I13=3
J14=14

Jm-1=m-1

By definition, Jm=0

The connection destinations of other nodes belonging to
group G2 are determined by means of the same method as that
used for the case of specified node N2. As aresult, the respec-
tive nodes belonging to group G2 are connected to all the
nodes for which any one of J1 and J3 to Jm 1s zero and the
other coordinates among J1, J3 to Jm all match their own
coordinates.

The method for determining the connection destination of
the nodes belonging to groups G3 to Gm 1s also the same as
the methods for determining the connection destination of the
node belonging to groups G1 and G2 and therefore a descrip-
tion 1s not included.

[2] Internal Structure of Node

An example of the internal structure of the node relating to
the data communication network of this embodiment wall
now be described using FIG. 14. A node that adopts an optical
cross-connect, that 1s, an OXC, can be used as the node of this
embodiment.

The OXC node 1400 of this embodiment 1s connected to
the other nodes N1 to Nm and connected to a lower network
that uses electrical cable. As shown 1in FIG. 14, the OXC node
1400 of this embodiment comprises an optical switch 1401, a
router 1402, an optical recerver 1403, an optical transmitter

1404, an adder 14035, and a dropper 1406.
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The optical switch 1401 1s connected to the other nodes N1

to Nm, the optical receiver 1403, and the optical transmitter
1404. The optical switch 1401 receives a communication

packet from the nodes N1 to Nm or optical transmitter 1401.

In the case where the transter destination 1s any of nodes N1
to Nm, the optical switch 1401 transmits a communication
packet to the relevant node. In the case where the transier
destination 1s the lower network, the optical switch 1401
transmits a communication packet to the optical receiver
1403. The transter destination of the communication packet1s
judged by using the destination address contained in the
header of the communication packet.

The router 1402 1s connected to the optical receiver 1403,
the optical transmitter 1404, the adder 1405, and dropper
1406. The router 1402 receives a communication packet from
the optical receiver 1403 and adder 1405. When the transier

destination 1s any of nodes N1 to Nm, the router 1402 trans-

mits a communication packet to the optical transmitter 1404.
When the transter destination 1s the lower network, the router
1402 transmits a communication packet to the dropper 1406.
The transier destination of the communication packet is
judged by using the destination address contained in the
header of the communication packet.

The optical receiver 1403 receives a communication
packet from the optical switch 1401 and performs Optical/
Electrical conversion on the communication packet before
sending the converted communication packet to the router

1402.

The optical transmitter 1404 recerves a communication
packet from the router 1402 and performs Electrical/Optical
conversion on the communication packet before sending the
converted communication packet to the optical switch 1401.

The adder 1405 sends the communication packet recerved
from the lower network to the router 1402.

dropper 1406 sends the communication packet received
from the router 1402 to the lower network.

The data communication network of this embodiment can
be applied to a network that performs an exchange by means
of only nodes other than the optical cross-connect nodes, for
example, a network that performs an exchange by means of
only optical switches.

[3] Changing of Link Structure

The method for changing the link structure according to the
data communication network of this embodiment will be

described by using FIGS. 15A to 15E.

FIG. 15A schematically shows an example of optical fiber

wiring according to the data communication network. In the

examplein FIG. 15A, thenodes N1 and N2, nodes N1 and N8,
nodes N2 and N3, nodes N2 and N4, nodes N3 and N7, nodes
N4 and N5, nodes N4 and N6, nodes N6 and N7, and nodes

N7 and N8 are connected using optical fiber.

FIG. 15B shows an example of a case where a logical link
to the network of FIG. 15A 1s established. In the example of
FIG. 15B, links connecting nodes N1 and N2, nodes N2 and
N3, nodes N3 and N4, nodes N4 and N5, nodes N5 and N6,
nodes N6 and N7, nodes N7 and N8, and nodes N8 and N1 are
established. As a result, the link structure of the data commu-
nication network 1s 1n the state shown in FIG. 15C.
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FIG. 15D shows another example of a case where a logical
link to the network 1n FIG. 15A 1s established. In the example
of FIG. 15D, links connecting nodes N1 and N2, nodes N1
and N3, nodes N1 and N8, nodes N2 and N4, nodes N2 and
NS5, nodes N3 and N5, nodes N3 and N7, nodes N4 and N6,
nodes N4 and N8, nodes N5 and N6, nodes N6 and N7, and

nodes N7 and N8 are established. As a result, the link struc-
ture of the data communication network 1s a three-dimen-

sional hyper tull mesh structure of the type shown in FIG.
15E.

Thus, an optional link structure can be obtained by estab-
lishing a logical link between the nodes by using optical fiber.
Here, an example of a link structure and three-dimensional
hyper full mesh structure 1s shown and, similarly, the m-di-
mensional mterchange structure of this embodiment can be
constructed in the same way.

When a network 1s actually constructed, the link structure
1s changed while increasing network resources such as nodes
and links 1n accordance with an increase of the traflic of the
network. For example, when the tratfic 1s very small, a one-
dimensional full mesh structure can be adopted and, when the
traffic increases, the link structure can be changed to a two-
dimensional hyper full mesh structure. When the traffic
increases further, the link structure 1s desirably changed to the
three-dimensional interchange structure of this embodiment.
In addition, when the traffic-handling performance of the
three-dimensional interchange structure 1s inadequate, the
link structure 1s desirably changed to an interchange structure
of four or more dimensions.

[4] Costs for Constructing an m-Dimensional Interchange
Network

The costs of constructing a network will now be described
by taking the example of the construction costs of the internet
network. The construction costs of the mnternet network can
be computed by using the Superlinear-Linear Cost Model, for
example.

The total network cost (TINC) can be broadly classified as
node-related costs and link-related costs. The node-related
costs consist of a component Cost” that depends on the data
processing amount of the nodes and a component C,; that 1s
determined by only the number of nodes laid. Likewise, the
link-related costs consist of a component Cost” that depends
on data transmission amounts of the links and a component
C, that 1s determined by only the number of links laid. There-
fore, the TNC can be expressed by Equation (1) below. In
Equation (1), *N and PN are proportionality constants, vari-
able “T 1s the node data processing performance, and variable
PT is link data transmission performance.

TNC=ZN[Cost™"(“T)+Cn]+ZFN[Cost"(F )+ ]

Cost” (x) is proportional to x* (1.5=k=2.0). The variable x
is processing performance of a node. The reason why Cost”
(X) 1s proportional to about two times the processing perfor-
mance 1s that the number of switch elements installed 1n a
node 1s 1n proportion to two times of the processing perior-
mance.

Cost"(x) is proportional to x. The variable x is the data
transmission performance of a link. Cost“(x) is proportional
to X because the link data transmission performance 1s pro-
portional to the number of links.

Generally, the node processing performance and the link
transmission performance are set equal. In addition, gener-
ally, the costs of the node devices and link device costs are
equal. When the data processing performance and device
costs 1n such a case are defined as T, and C,, the following
Equation (2) 1s established. Equation (3) below can be
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obtained by using Equations (1)and (2). The A,B,C',;and C',
of Equation (3) are defined as following Equations (4).

Cost"™ (x) = CD(%T Cost™(x) = cﬂ(%) (2) 5
Yk Y N 7 (3)

N A(T—D) +(1—p)(?ﬂ)+(cw+q7]3

ks ' 10

ar",}, k-1 arcsk &r"(‘i ! CN ! CL (4)
A=\7 b= Cy=— Cp=—
a5 aryk—l Q y C{] Cﬂ

The construction costs for a data communication network 15
can be calculated by using Equation (3).

For example, in Japan i 2005, in a real evaluation, an
clectrical router with a processing performance of 1 Terabit
per second 1s one hundred million Japanese yen, a switch
clement with a transmission performance of 100 Gigabps 1s 20
2,000,000 Japanese yen, a transmission device ol 10 Gigabps
1s 1,000,000 Japanese yen, node laying costs C,, are 5,000,
000 Japanese yen, and link laying costs C, are 25,000,000
Japanese yen. In this case, C,=10° Japanese yen, T,=2.5x
10"~ [bps], k=1.7, C'\=5x107°, and C',=2.5x107" are 25
expected.

Further, in Japan 1n 20135, a 10 terabit per second electrical
router will come to be sold with a real evaluation for two
hundred million Japanese yven and others are expected to be
sold at prices on the order of those of 2005. In this case, 30
C,=10" Japanese yen,, T,=2.5x10" [bps], k=1.7, C',=5x
1072, C',=2.5x107*

FIG 16 1s a graph showing the relationship between the
traific-handling performance and cost performance. In FIG.

16, the vertical axis represents the cost performance of a 35
network configuration, that is, the ratio TNC/T between the
total network cost TNC and traffic-handling performance T.
The horizontal axis represents the traffic-handling perfor-
mance T, the unit of which 1s terabits/sec. In FIG. 16, the
numerals IC3, IC4, and IC5 which are used to label the 40
respective curves represent data communication networks of
the interchange structure according to this embodiment. IC3

1s a three-dimensional interchange structure, 1C4 1s a four-
dimensional interchange structure, and ICS 1s a five-dimen-
sional interchange structure. The other curves are the same as 45
the curves 1 FIG. 3.

As can be seen from FIG. 16, 1n comparison with other link
structures, the link structure according to this embodiment,
that 1s, the interchange structure, make possible to obtain a
high tratfic-handling performance T at a small total network 50
cost TNC. When the required tratfic-handling performance T
1s extremely low, the three-dimensional interchange structure
IC3 has the optimum cost performance. As the required trat-
fic-handling performance T increases, the four-dimensional
interchange structure IC4 has the optimum cost performance. 55
When the required traffic-handling performance T increases
turther, a five-dimensional interchange structure 1C5 has the
optimum cost performance.

What 1s claimed 1s:

1. A data communication network, comprising; 60

an m-dimensional (im 1s a natural number no smaller than 3)

interchange structure based on an m-dimensional hyper-
hub structure in which core nodes contained 1n the m-di-
mensional hyperhub structure are directly connected,

wherein the core nodes are divided into m groups, the 65

m-dimensional coordinates (J1,12,13, 14,15, ..., Jm-1,
IJm) of the core nodes belonging to a p-th group satisty

14

the condition that Jp 1s zero, the m-dimensional coordi-
nates (11, 12,13, 14,15, . . ., ym—1, ym) of the core nodes
belonging to a g-th group satisty the condition that jq 1s
zero, and a core node belonging to the p-th group is
directly connected to a core node belonging to the g-th
group and 1s not directly connected to other core nodes
belonging to the p-th group,

wherein at least one of the core nodes comprises a switch

having input ports for recerving data and output ports for
sending data.

2. The data commumication network according to claim 1,
wherein the core node belonging to the p-th group 1s directly
connected to the core nodes belonging to the g-th group, and
the m-dimensional coordinates of the two core nodes satisty
the conditions that Jp=0, 1q=0 and Jr=yr (r differs from p and

Q).
3. The data commumnication network according to claim 1,

wherein the core node belonging to the p-th group 1s directly

connected to all the core nodes belonging to the g-th group
which satisty the conditions that Jp=0, 1g=0 and Jr=yr (r
differs from p and q).
4. The data communication network according to claim 1,
wherein the switch 1s an optical switch.
5. A data communication network, comprising:
an m-dimensional (m 1s a natural number no smaller than 3)
interchange structure based on an m-dimensional hyper-
hub structure in which core nodes contained 1n the m-di-
mensional hyperhub structure are directly connected,

wherein the core nodes are divided mto m groups, the
m-dimensional coordinates (J1,J12,13,14,15, ..., Jm-1,
IJm) of the core nodes belonging to a p-th group satisty
the condition that Jp 1s zero, the m-dimensional coordi-
nates (1, 12,13, 14,15, . . ., ym—1, jm) of the core nodes
belonging to a g-th group satisty the condition that q 1s
zero, and a core node belonging to the p-th group 1is
directly connected to a core node belonging to the g-th
group and 1s not directly connected to other core nodes
belonging to the p-th group,

wherein at least one of the core nodes comprises a router.

6. The data communication network according to claim 5,
wherein the core node belonging to the p-th group 1s directly
connected to the core nodes belonging to the g-th group, and
the m-dimensional coordinates of the two core nodes satisiy
the conditions that Jp=0, 1g=0 and Jr=jr (r diflers from p and
qQ).

7. The data commumnication network according to claim 5,
wherein the core node belonging to the p-th group 1s directly
connected to all the core nodes belonging to the g-th group
which satisiy the conditions that Jp=0, jg=0 and Jr=yr (r
differs from p and q).

8. A data communication network, comprising:

an m-dimensional (m 1s a natural number no smaller than 3)

interchange structure based on an m-dimensional hyper-
hub structure in which core nodes contained 1n the m-di-
mensional hyperhub structure are directly connected by
means for transferring data,

wherein the core nodes are divided into m groups, the

m-dimensional coordinates (J1,J12,13,14,15, ..., Jm-1,
IJm) of the core nodes belonging to a p-th group satisty
the condition that Jp 1s zero, the m-dimensional coordi-
nates (1, 12,13, 14,15, . . ., ym—1, jm) of the core nodes
belonging to a g-th group satisty the condition that q 1s
zero, and a core node belonging to the p-th group 1is
directly connected to a core node belonging to the g-th
group and 1s not directly connected to other core nodes
belonging to the p-th group.
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9. The data communication network according to claim 8, connected to all the core nodes belonging to the g-th group
wherein the core node belonging to the p-th group 1s directly which satisty the conditions that Jp=0, 1g=0 and Jr=yr (r
connected to the core nodes belonging to the g-th group, and differs from p and q).

the m-dimensional coordinates of the two core nodes satisiy 11. The data communication network of claim 8, wherein
the conditions that Jp=0, 1g=0 and Jr=jr (r diflers from p and 5 the means for transierring data comprises at least one optical
q). fiber.

~ 10. The data communication network according to claim 8,
wherein the core node belonging to the p-th group 1s directly k% %k
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